Summary.
The histogenesis of the mouse jejunal mucosa and distribution of cells capable of proliferation were studied by scanning and transmission electron microscopy and light microscopic autoradiography using 3H-thymidine. Villous primordia were found to commence their development as mucosal ridges on day 15 of gestation. Individual villi are identifiable on day 16 of gestation.
Some villi reach their adult height in the neonate, while the rest gradually become longer during postnatal development.
Epithelial cells lining the entire mucosal surface are undifferetiated and proliferative by day 15 of gestation. On day 16 of gestation, cells lose their proliferative capability at the upper part of the high villi, while cells lining the lower part of the villi and intervillous region remain undifferentiated as well as proliferative.
As the crypt develops during postnatal development, undifferentiated proliferative cells are restricted in it, coming to reside in the lower two thirds of the crypt by day 28.
The fine structural differentiation of absorptive cells starts at the upper part of villi on day 16 of gestation.
The apical tubular system develops during the perinatal period. Large vacuoles, many lysosomes and lipid globules appear in suckling mice. The cells show the typical morphology of the absorptive cells by postnatal day 21. Undifferentiated proliferative cells show only little change during development: cytoplasmic organelles increase slightly and small apical granules appear during postnatal development.
The epithelial cells of the small intestine belong to the renewing population (MESSIER and LEBLOND, 1960) . They arise by mitosis in the lower two thirds of the intestinal crypt (generative zone) and migrate along the villous wall to the tip, where they are extruded into the intestinal lumen (LEBLOND and MESSIER, 1958; MESSIER and LEBLOND, 1960; KAKU et al., 1962 KAKU et al., , 1963 . The fine structure of the proliferative cells is well known (TROUGHTON and TRIER, 1969; KATAOKA,1970; CHENG and LEBLOND, 1974) .
Ontogenic studies have been performed on the fine structure of absorptive cells in the rat (DUNN,1967) and man (MOXEY and TRIER,1979) . On the other hand, systematic studies have not been carried out on the distribution and morphology of proliferative cells during development with the exception of HERMOS et al. (1971) briefly reporting *This study was supported in part by a Grant-in-Aid for Special Project Research from the Ministry of Education, Science and Culture, Japan.
on the presence of prolif erative cells on intestinal villi in the rat fetus. The present study aims to clarify the distribution and fine structure of prolif erative and absorptive cells in the developing mouse jejunum by scanning electron microscopy, light microscopic autoradiography with 3H-thymidine, and transmission electron microscopy.
MATERIALS AND METHODS
ICR mouse fetuses (on days 13, 14, 15, 16, 17 and 18 of gestation), young animals (on postnatal days 0, 1, 2, 3, 5, 7,10,14, 21, 28 and 42) and adults (on postnatal days 56, 70 and 84) were used in this study. The fetal age was determined after THEILER (1972) (presumed copulation=middle of the night=0). The proximal part of the jejunum immediately distal to the ligament of Treiz was used.
For scanning electron microscopy, the postnatal animals were perfused with 2.5°0 glutaraldehyde (cacodylate buffer, pH 7.4) from the left ventricle of the heart, and the jejunum was removed thereafter.
In fetuses, the jejunum was removed without perfusion fixation and immediately immersed in 2.5% glutaraldehyde.
The tissue blocks were fixed overnight with 2.5% glutaraldehyde, postfixed with 1 °o osmium tetroxide for 2 hrs and dehydrated in ethanol. They were then immersed in isoamyl acetate, critical point-dried and coated with platinum in a sputter coater. The height of intestinal villi was quantitatively measured on randomly selected scanning electron micrographs (x 100 in magnification) on postnatal days 0, 7, 28 and 56. The number of villi measured was 240 for each day (40 for each animal, 6 animals for each day).
For transmission electron microscopy, specimens were fixed as described above, dehydrated in ethanol and embedded in epoxy resin. Thin sections were doubly stained with uranyl acetate and lead citrate. Thick sections were used for light microscopic examination after staining with toluidine blue or with PAS and hematoxylin.
For light microscopic autoradiography, 3H-thymidine (10 pCi/g body weight) was injected intraperitoneally into postnatal mice. For examination of fetal mice, 300 ~cCi of 3H-thymidine was administered to the pregnant animal. The jejunum was removed 1 or 2 hrs after the injection, fixed and embedded in epoxy resin as described above. Thick sections were coated with Sakura NR-M2 emulsion by the dipping method. After exposure for 2 to 6 weeks, the specimen was developed with D19. The sections were stained with PAS-hematoxylin or toluidine blue. PAS and hematoxylin stains were used before the autoradiographic procedure, while toluidine blue was applied afterwards.
RESULTS

Scanning electron microscopy
On day 13 of gestation (day E13), the jejunal mucosal surface appeared uneven due to the convex surface of each epithelial cell (Fig. la) . The epithelial cell bulge was exaggerated on day E14. However, no villus formation was observed on these days.
On day E15, the mucosal surface had irregular ridges which represented the primordia of villi (Fig. lb) . Most epithelial cells on the ridge displayed a convex surface with short microvilli (Fig. lc) . A few cells at the top of the ridge were smoothsurfaced. The cells covering the grooves between ridges were smaller and round, and covered by short microvilli.
On day E16, each villus could be recognized as a low finger-like protrusion (Fig.  ld) .
The epithelial cell bulge diminished, and the cell surface bore longer, more numerous microvilli (Fig. le) reached 500,urn (Fig. 2a) . Lower villi were gradually elongated during postnatal development (Fig. 2) . Half of the villi exceeded 400 ,em on day 28, compared with three quarters of them in the adult (Fig. 3) . Intestinal crypts were clearly identified on day 7 (Fig. 2b) . They gradually deepened thereafter, finally reached almost the same depth as those in adults by day 28 (Fig. 2c, d ).
Light microscopic autoradiography
On day E13, the slit-like intestinal lumen was surrounded by the simple columnar epithelium. On day E14, the epithelium became taller (Fig. 4a ). Epithelial cell nuclei were layered so that the epithelium looked pseudostratified.
The junction between the epithelium and the underlying connective tissue was smooth on these days. Labeled nuclei were mainly located in the basal part of the epithelium 2 hrs after the injection of 3H-thymidine, though some of them were in the adluminal part. Mitotic figures were always present near the lumen.
On day E15, the mucosal surface showed ridges and grooves corresponding to those observed by scanning electron microscopy ( Fig. 4b) . The epithelial-mesenchymal junction was undulating.
3H-thymidine-labeled nuclei as well as mitotic figures were distributed throughout the epithelium lining both the ridges and grooves.
On day E16, individual villi with a mesenchymal core were clearly recognized ( Fig. 4c) . Labeled nuclei and mitotic figures were seen in the epithelium of the intervillous region as well as the villous wall. However, they were only scarcely found at Note the length of villi and depth of crypts (C). x 150 the top of tall villi. On days E17 and E18, the villi gradually elongated and the unlabeled upper region of the villous wall expanded concomitantly. On day E18, labeled nuclei were found in the epithelium of the intervillous region and the lowermost part of villi.
On postnatal day 0, 3H-thymidine-labeled nuclei, as well as mitotic figures, were restricted to the epithelium of the intervillous region, and the villous epithelium was devoid of labels (Fig. 4d) . Intestinal crypts were clearly identified in some intervillous regions on day 2. By day 7, all intervillous regions possessed at least one crypt. Labeled nuclei were seen in the crypt (Fig. 4e) .
The intestinal crypt gradually elongated during postnatal development. Labeled nuclei simultaneously decreased in the epithelium lining the upper part of the crypt. By day 28, the intestinal crypt had nearly reached the adult depth, and labeled nuclei were restricted within the lower two thirds of the crypt as in adult animals ( Fig. 4f ).
Transmission electron microscopy
On days E13 and E14, epithelial cells displayed the fine structural characteristics of undifferentiated cells (Fig. 5) . Numerous free polyribosomes were scattered in the cytoplasm. The rough endoplasmic reticulum was poorly developed.
The small Golgi complex was present in the perinuclear region. Mitochondria were few. The apical cell surface bore a few short microvilli, and a single cilium often projected into the intestinal lumen. On day E15, epithelial cells remained undifferentiated.
Large secondary lysosomes, 5 pm in diameter and probably ingested dead cells in origin, were sometimes seen on days E15 and E16 (Fig. 5) . At later stages up to that of the adult, they were only occasionally seen.
Development of absorptive cells
During the embryonic development after day E16, villous epithelial cells gradually gained membranous organelles to become absorptive cells (Fig. 6, 7) . Microvilli increased both in number and length.
The rough endoplasmic reticulum became abundant and was mainly distributed in the supranuclear region. Mitochondria increased in number. The Golgi complex was in the supranuclear region. Some small granules were seen in the basal cytoplasm, but their nature could not be ascertained.
An apical tubular system consisting of numerous tubules, vesicles and some vacuoles appeared in the terminal web region on day E17. The tubules sometimes opened to the vacuoles as well as to the apical cell surface in the intermicrovillous region. The end of the tubule was occasionally coated with bristles. The apical tubular system was most highly developed from day E18 to postnatal day 0. Smooth endoplasmic reticulum appeared in clusters in the supranuclear cytoplasm on day E17. The continuity In unsuckled mice on postnatal day 0, the fine structure of absorptive cells was essentially the same as that on day E18. In suckled mice on day 1, tubular elements of the apical tubular system decreased considerably (Fig. 8) . Large vacuoles and lysosomes moderately dense or heterogeneous in content were intermingled with the well developed endoplasmic reticulum and mitochondria in the apical cytoplasm.
The Golgi complex could not be identified in the supranuclear region. Instead, membrane-limited lipid globules of variable sizes occupied this region. Each globule contained one to several tens of lipid droplets (about 400 nm in diameter), which were often surrounded by electron dense precipitates.
On the basolateral surface of the cell, the lipid globule opened to the intercellular space and discharged its contents by exocytosis. The electron dense precipitates were never seen around the lipid droplets during exocytosis or after it. Mitochondria were also gathered in the infranuclear cytoplasm.
The apical tubular system gradually diminished, and the terminal web became alternatively conspicuous (Fig. 9) . Tubular elements of the apical tubular system had almost disappeared on day 7, and vesicular elements decreased to the adult level by day 21. Vacuoles decreased from day 14 and disappeared by day 21. Secondary lysosomes became gradually inconspicuous, and their number decreased to the adult level by day 21. Lipid globules decreased remakably on day 14, disappearing by day 21. In place of them, the vacuolated Golgi complex could be identified on day 14. The complex was restored to its usual configuration by day 21. On day 21, the fine structures of absorptive cells was indistinguishable from those in the adult animal.
Development of undifferentiated crypt cells
From day E16 to postnatal day 2, epithelial cells remained undifferentiated at the lower part of the villi and the intervillous region (Fig. 10a) . They were cylindrical with a basally located nucleus. Numerous free polyribosomes, a very few strands of the M mitosis. x4,000. Inset. A smooth surfaced cell with a lysosome on day E15 (arrow).
x 2,700 rough endoplasmic reticulum and some mitochondria were scattered in the cytoplasm. The small Golgi complex was mainly located in the supranuclear region. Some small vesicles were seen just beneath the cell apex which bore some short microvilli. As the crypt elongated, undifferentiated cells became located in the lower part of the crypt. Cells in the upper part of the crypt exhibited a transitional morphology from undifferentiated cells to absorptive cells. The fine structure of undifferentiated cells did not exhibit any striking differences during postnatal development, except that strands of the rough endoplasmic reticulum increased somewhat, the Golgi complex slightly enlarged and the number and length of microvilli increased (Fig. 10b-d) . Small apical granules (200-250 nm in diameter) appeared on day 3 and increased in number thereafter.
These granules appeared to be formed in the Golgi complex. Lysosomes were also increased to some extent. a b Fig. 6 . a. In a villous cell on day E16, the number of microvilli increases, elements of the rough endoplasmic reticulum and mitochondria are somewhat developed, but the Golgi complex (G) is still small and located laterally to the nucleus. Arrow: basal granules of an unknown nature. x 5,800. b. On day E17, microvilli increase in number and length, and the apical tubular system is developed. Long strands of the rough endoplasmic reticulum, clusters of the smooth endoplasmic reticulum (S), elongated mitochondria, lysosomes and a Golgi complex (G) are seen in the supranuclear cytoplasm. x 6,200
DISCUSSION
Distribution of proliferative cells in developing villi and crypts
The present study shows that villous primordia start their development as irregular mucosal ridges on day E15 in the mouse jejunal mucosa. Individual villi are identifiable on day E16, and gradually elongate thereafter. While some villi reach adult height on postnatal day 0, it takes about 4 weeks for most villi to reach that height.
Many studies have been carried out on the formation of intestinal villi using the Fig. 7 . On day E18, the rough and smooth endoplasmic reticulum and mitochondria are more developed in the absorptive cell. The apidal tubular system consists of tubules, vesicles and vacuoles. The end of the tubule is sometimes continuous to the coated vesicles (arrow) and the apical plasmalemma (arrowhead) x 13,000. Inset. The end of the rough endoplasmic reticulum is continuous to the smooth elements (arrows) on day E17. x 15,000 chick duodenum (COULOMBRE and COULOMBRE, 1958; GREY, 1972; BURGESS, 1975; LIM and Low, 1977) and the rat duodenum (KAMMERAAD, 1942; MATHAN et al., 1976; NAKAMURA and KoMURO, 1983) . In the chick, the authors agreed in that villous primordia started as parallel previllous ridges, which folded to a regular zigzag pattern and then separated into individual villi, and these events proceeded synchronously throughout the mucosa. In the rat, on the other hand, intraepithelial cavities were formed in the thickened epithelium, and the opening of these cavities into the main intestinal lumen divided the epithelial cell mass to form individual villi. In the present study, intraepithelial cavities were seen only occasionally in the mouse jejunum, inferring that the role of intraepithelial cavities may be less important.
Partial elevations of the mucosal ridge would seem to be a more important process in the villous formation of the mouse jejunum.
The discrepancy between the results of previous researchers (KAMMERAAD, 1942; MATHAN et al., 1976; NAKAMURA and KoMURO, 1983) and those of the present authors may depend on differences in animal species as well as in the portion of the intestine studied.
The present results are consistent with the results of a light microscopic study by CHENG and BJERKNES (1985) in that the elongation of villi is a highly asynchronous process which is roughly completed by the end of the postnatal 4th week in the mouse jejunum.
Although not described by NAKAMURA and KOMURO (1983) , the asynchronous elongation of villi also seems to take place in the rat duodenum by observing the scanning electron micrographs in their paper.
The distribution of proliferative cells largely depends upon the development of villi and crypts. In the mouse (the present study) and rat (HERMOS et al., 1971) fetuses, where crypts are rarely seen, 3H-thymidine-uptake cells are present in the columnar cells of the villus as well as of the intervillous region. Some species differences seem a b Fig. 9 . Apical tubular system, lysosomes and lipid globules are greatly decreased on day 14 (a) and are rarely seen on day 21 (b). The Golgi complex (G) can be barely identified on day 14 (a) and exhibits a normal configuration on day 21 (b). a: x 6,800, b: x 7,500 to be present, though. In the mouse, as shown in the present study, 3H-thymidineuptake cells are restricted to the intervillous region and the basal portion of the villi, while some cells at the tips of tall villi uptake 3H-thymidine in the rat (HERMOS et al., 1971) . With the formation of crypts during postnatal development, villous cells lose their capability of proliferation and 3H-thymidine-uptake cells are confined to the intervillous region and developing crypts. Then, proliferative cells gradually disappear from the intervillous region and the upper part of the crypt as it elongates.
By day 21, they are restricted in the lower two thirds of the crypt as in the adult animal.
Development of absorptive cells
By day E15, all epithelial cells are undifferentiated in the mouse jejunum: they bear a few short microvilli at the cell apex, cytoplasmic membranous organelles are poorly organelles are developed to a certain extent in the undifferentiated crypt cell on day 56. x 7,000. c. Small apical granules in the undifferentiated crypt cell on day 21. P a paneth cell granule. x 9,400. d. Small granules (arrows) containing moderately dense contents are seen in the Golgi region of the undifferentiated crypt cell on day 56. x 21,000 developed, and the small Golgi complex is either in a supra-or infranuclear position or in the cytoplasm lateral to the nucleus. The fine structural maturation of absorptive cells begins on day E16 in the upper part of the villus and proceeds during further embryonic development; they come to bear numerous microvilli, the rough endoplasmic reticulum and mitochondria become more abundant and the Golgi complex is located in the supranuclear position. Smooth endoplasmic reticulum is first seen as a few clusters on day E17, after which it disperses among other membranous organelles in the apical and supranuclear cytoplasm.
These results indicate that the formation of villi, Jeff erentiation of absorptive cells with defined cell polarity and loss of prolif erative capability take place simultaneously in the mouse jejunum. Similarly, the development of villi and differentiation of absorptive cells were reported as concurrent processes in the rat jejunum (DUNN,1967) and in the human small intestine (Moxy and TRIER, 1979) . With elongation of villi and crypts, the region lined with well-defined absorptive cells and devoid of proliferative cells gradually extends from the tip toward the base of the villi.
Numerous vesicles, tubules and vacuoles, which at present are collectively called the apical tubular system or the apical endocytic complex, were first reported by CLARK (1959) in the small intestine of suckling mice and rats. Since then, the presence of this structure in late fetal and suckling animals has attracted the attention of many investigators (CLARK, 1959; CORNELL and PADYKULA, 1965; WISSIG and GRANEY, 1968; RODEWALD, 1973; ABRAHAMSON and RODEWALD, 1981) . These authors agreed that the apical tubular system participated in the absorption of proteins (CLARK, 1959; CORNELL and PADYKULA, 1965; WISSIG and GRANEY, 1968; RODEWALD, 1973) . Receptor-mediated endocytosis of IgG is also attributed to the system (Rodewald,1973) .
After endocytosis, IgG is transported via vesicles and released to the intercellular space, while other proteins are digested by lysosomes (ABRAHAMSON and RODEWALD,1981) . JORDAN and MoRGAN (1968) examined the intestinal absorption of serum proteins in suckling rats, and reported that absorption of albumin and a-globulin was most active on postnatal day 1 and diminished toward day 21, while absorption of 9-and y-globulins increased up to day 14 and then decreased to day 21. In the mouse intestine, absorption of antibodies is active on days 12-14 and rapidly decreases thereafter (MoRRIS, 1968) . In the present study, the apical tubular system was first seen on day E17, is most developed on day E18 and postnatal day 0, and gradually decreases toward day 21. Since no data have been available on the rate of protein absorption in mice younger than postnatal day 12, discussion is not possible on the increase and decrease of the apical tubular system in developing mice. On the analogy of the rat data (JORDAN and MORGAN,1968) , the majority of the elements of the apical tubular system is presumed to participate in the non-selective absorption of amniotic fluid in fetuses and milk in newborns.
The decrease of the apical tubular system and secondary lysosomes toward day 21 may be largely attributable to the decrease of non-selective protein absorption followed by lysosomal digestion.
Only a small portion of the apical tubular system, as seen on day 14, may participate in the selective absorption of r-globulin and other specific materials.
Absorptive cells actively absorb milk lipids in suckling animals. In the present study, membrane-limited lipid globules, containing one to several tens of lipid droplets, were most conspicuous on postnatal days 1-7, decreasing on day 14 and disappearing on day 21. On the other hand, the typical configuration of the Golgi complex disappeared on days 1-7 but was restored on day 21. Exocytotic release of lipid droplets occurs at the basolateral surface of the cell. The appearance of large lipid globules was also noted in the duodenum (BERENDSEN,1979) and jejunum (MAK and TRIER, 1979) of suckl-ing rats. MIYAMOTO and TANAKA (1982) reported morphological alterations of the Golgi complex during fat absorption: Vacuolar elements containing lipid droplets increased and parallel arrays of cisternae decreased, to finally leave the Golgi complex consisting of only vacuoles. The present results are in agreement with these previous studies. Lipid globules, lipid droplets of which are surrounded by electron dense precipitates, do not open to the basolateral surface.
Further studies must be done to ascertain the nature of these globules, although one possibility is that their content is in the process of lysosomal digestion. The cells begin to show morphology typical of absorptive cells as those in the adult on day 21.
Fine structural changes in proliferative cells
The fine structure of proliferative cells exhibits minor changes during pre-and postnatal development.
The number and length of microvilli increase to a certain degree. Mitochondria also become slightly more numerous. The rough endoplasmic reticulum and Golgi complex develop to some extent.
Small apical granules, which seem to be formed in the Golgi complex, appear and increase in number during postnatal development. Thus, the cells gain the typical fine structure of undifferentiated crypt cells in the adult (TROUGHTON and TRIER,1969; KATAOKA,1970) .
Small apical granules in the intestinal crypt cell were noted by TROUGHTON and TRIER (1969) and KATAOKA (1970) In the mouse, by MOXEY and TRIER (1978) in the human fetus and by KURosuMI et al. (1981) in the rat. Two contradictory views were proposed as to nature of these granules; KATAOKA (1970) regarded them as secretory granules, while KuRosuMI et al. (1981) suggested an absorptive function.
Apical vesicles engaged in the transport of the IgA-secretory component complex (BROWN et al., 1976) are quite similar to small apical granules in the present study in size and distribution, although strict comparison is impossible because of absence of conventional electron micrographs in the paper by BROWN et al. (1976) . The present authors suspect that at least some of the apical granules are engaged in IgA transport.
The possibility that the apical granules are a heterogenous population cannot be denied. In fact, their content shows various electron densities-electron lucent, moderately dense and dense -and the granules in the Golgi area are usually moderately dense . It cannot be denied that some of the apical granules are related to the absorptive function of the crypt cell as suggested by KUROSUMI et al. (1981) . The other possibility is that they may, at least partly, belong to surface-forming vesicles which supply the plasmalemmal component and glycocalyx for the formation of microvilli (BoNNEVILLE and WEINSTOcK, 1970) . Further studies are required to determine the functional significance of the apical granules.
The present study has revealed that important events in the histogenesis of the jejunal mucosa, i.e., the elongation of villi and crypts, establishment of generative zone and fine structural maturation of absorptive and crypt cells, are completed on postnatal days 21 to 28. This period coincides with weaning or immediately after it. In the gastric mucosa, the establishment of a generative zone and the appearance of ultrastructurally mature epithelial and glandular types of cells are also completed in this period (KATAOKA et al., 1984) . NAKAMURA and KoMURO (1983) reported that mature ridge-like villi were formed at 4 weeks after birth in the rat duodenum.
These results suggest that weaning, i.e., the change over from lipid-rich milk to a carbohydrate-rich solid meal, may play an important role in the final stages of histogenesis of the digestive tract.
